The usefulness of isolated adult cardiac myocytes, both in suspension and in culture, as a model system for measuring cardiotoxicity is evaluated. It has been suggested that isolated adult myocytes should preferably be cultured for such experimentation, as this restores the cells to a physiological preference for fatty acids as a substrate rather than glucose. We show here that the restoration of Ca H to cells immediately after isolation results in an artificially enhanced glucose metabolism, as measured by an elevated rate of deoxyglucose uptake. Early restoration of'Ca> during cell isolation, on the other hand, results in cells with a normal low level of deoxyglucose uptake. We, thus, conclude that cells can be ready for valid toxicity studies immediately after isolation, without the need for culture. The culture of adult feline ventricular cells is also described. These cells, like rabbit but unlike rat, are particularly promising for toxicity studies because they remain quiescent in culture and do not round up. On exposure to norepinephrine, they beat spontaneously and increase their rate of protein synthesis.
Studies using isolated heart cells are becoming increasingly used as a supplement to, and sometimes as a replacement for, whole heart or whole animal experimentation. The objective of this and the following paper (RA Haworth (1990) . Use of isolated adult myocytes to evaluate cardiotoxicity. II. is to evaluate the use of isolated myocytes in toxicity studies, with the focus on the use of cells isolated from adult animals.
The advantages of isolated myocytes as a model system have been recognized for many years: 1) A wide variety ofbiochemical and biophysical parameters can be measured with relative ease. 2) The cell environment can be controlled rapidly and with pre- cision. 3) Vascular effects are removed as an experimental variable. 4) Drug effectsare easily controlled by dividing up the isolated cells. 5) Much can be learned at relatively little cost, either in terms of time, or money, or animal suffering. These properties make isolated myocytes a particularly good model system for investigating mechanisms of drug action, and for comparing the relative toxicity of different related compounds. However, the removal of vascular effects, along with several other important aspects of cardiac function, such as the integrated aspects ofexcitation, and pump function, also constitutes a major limitation for the use ofisolated cells. Clearly, toxicity mechanisms unrelated to the direct action of drugs on myocytes cannot be investigated in a pure myocyte system. These limitations are well recognized (23, 34) , and indicate that isolated myocytes will always be used in conjunction with whole tissue and whole animal models.
In spite of the appeal of using isolated myocytes in toxicology studies, their use until now has been restricted almost entirely to cultures of neonatal cells. The use of isolated adult hepatocytes, by contrast, 511 has been well developed for over 10 yr (37, 39) . One reason that adult heart cells have not been used is that only relatively recently have methods been developed for the preparation of adult cells able to tolerate physiological levels of Ca2+. Several such methods have now been published (10, 11, 17, 24, 29, 33, 36, 38, 40) , and isolation of adult myocytes has become routine in many laboratories. It now appears timely to consider the use of adult cells in toxicology studies.
The first concern in using cells with such a history of problematic isolation is whether or not, or the extent to which, the cells have been damaged during the isolation procedure. One concern, for example, is that, in some laboratories, freshly isolated cells have been found to oxidize glucose in preference to fatty acids, whereas in vivo the heart shows the reverse preference (6). This observation has been used to argue that freshly isolated adult myocytes are abnormal, whereas adult cells in culture, which revert to a preference for fatty acids over glucose, are more normal (6, 21) . In studies on the uptake of the non-metabolized glucose analogue 3-0-methylglucose, using freshly isolated adult myocytes, several workers found that insulin stimulated the rate of uptake, but the basal rate of uptake in the absence of insulin was already high (3, 8, 26) . Others, on the other hand, have found a very low rate of uptake of 3-0-methylglucose or 2-deoxyglucose in the absence of insulin (19) . Since the rate of sugar entry can limit its rate of oxidation, we have investigated the origin ofthis discrepancy. We show in this paper that, while cells isolated with early restoration of Ca 2 + show a low basal rate of 2-deoxyglucose uptake, restoration of Ca2+ to cells isolated in the absence of Ca-r results in a much higher basal rate of uptake. We, thus, conclude that the early restoration of'Ca": is advantageous to the isolation ofcellswhich immediately show a normal low rate of sugar uptake. Such cells, by this criterion, are thus immediately suitable for experimental studies.
Although neonatal myocytes have have been used as a model system in culture for many years (13), it was only relatively recently that adult heart cells were successfully maintained in culture (20). These cells in culture underwent a morphological transformation from a cylindrical rod shape with a single fiber direction to a flattened star shape with multidirectional muscle fibers. The change began within hours of plating, initially manifested as a rounding up of the cells. These cultures contained cells which were contracting spontaneously throughout from the time of isolation (20). Similar observations have been made by others, plus the surprising observation that most of the cells appear to take up trypan blue and yet survive in culture (7, 30). By contrast, quiescent Ca2+ -tolerant rat myocytes in culture can remain rod-shaped for up to a week in serum-free media (32). These 2 culture systems thus have quite different properties, although the difference may primarily be one of timetable: the rod-shaped cells eventually go through the same morphological transformation as the spontaneously beating cells (21). This is borne out by a recent report that quiescent Ca-t-tolerant rat myocytes in culture underwent morphological transformation after 24-48 hr (4). However, they continued to exclude trypan blue even when they rounded up (4). The determinants of the different behavior of these 2 adult rat cell systems are not well understood. The extent of exposure of cells to serum may be one relevant factor. Clearly, one requirement of a culture system for toxicology studies is stability of the cells over the period of study. We, therefore, describe here the culture of adult feline myocytes, which display quiescence and a stable rod-shaped morphology in culture for up to a week, even in the presence of serum.
Many other criteria exist by which the quality of isolated adult myocytes can and should be judged and their usefulness for toxicology studies evaluated. In addition, therefore, in the following paper (RA Haworth (1990) . Use ofisolated adult myocytes to evaluate cardiotoxicity. II. Preparation and properties. Toxicol. Pathol. 18: 521-530) some pertinent features of the isolation of Ca2+ -tolerant adult myocytes are briefly reviewed, and the condition of freshly isolated adult myocytes by various criteria is assessed, to determine how they have been affected by the isolation process.
METHODS

Cell Isolation
Normal Procedure. Heart cells were isolated from female retired breeder rats, according to our original method (17), as recently modified (16). The modification used was condition 5 in Table 2 of that paper: the perfusion buffers contained 25 mst N-2hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES), adjusted to pH 7.4 with NaOH, in place of bicarbonate, plus basal Eagle medium amino acids. Ca2+ (1 mu) was restored to the recirculating perfusate 15 min after enzyme addition. Also, no trypsin was used here, as trypsin itself causes activation ofthe glucose transporter. This method gave a high yield of cells with a high percentage of rodshaped cells in the presence of 1mMCa2+ . Cells were resuspended after isolation in experimental medium either with Ca2+ ( 1 msr), for the normal curves ± insulin (Fig. 1 ), or with Ca2+ (1 mM) plus EGTA (1.5 mv), for the cells to be incubated with ouabain ( Fig. 1) .
Ca 2 +-FreeProcedure. The procedure was the same as above, except that no Ca2+ was restored to the
